NBO analysis revealed intermolecular charge transfers occur followed by intramolecular charge rearrangement.
Introduction
To protect the stratosphere from the ozone depletion catalyzed by a chlorine atom, chlorofluorocarbons CFCs have been replaced by substituents, hydrofluorocarbons HFCs [1] .
Recently, hydrofluoroethers HFEs are also under consideration for use. These measures have resulted in deceleration of ozone layer destruction due to the chlorine atom released from the photolysis of CFCs. However, HFCs have potential as a green house molecule [2, 3] . Of the oxidation products CFCs, HFCs and HFEs, calbonyl difluoride or carbonyl chloride fluoride is observed as a common product [4] [5] [6] [7] [8] . Therefore, the properties and the role of carbonyl halides in atmosphere should be known. The stratospheric abundance has been measured for F 2 CO, a fluorine atom reservoir [9] .
The threshold energies of the first electronic transition A←X of carbonyl halides were observed to be 4.86, 4.79 and 4.1 eV for F 2 CO [10] , FClCO [11] and Cl 2 CO [12] , respectively. In the stratosphere, photodissociation will be the key decomposition process of the molecules. Photolysis quantum yields at 193 nm were measured to be 0.94, 0.98 and 1.0 for F 2 CO, FClCO and Cl 2 CO, respectively [13] [14] [15] . Maul et al. performed with the coupled-cluster theory, CCSD(T)/6-311++G(2d,2p) level and the MP2 level using the basis sets up to aug-cc-pV5Z. Analysis of the charge distribution and charge-transfer processes was performed using the natural bond orbital (NBO) partitioning scheme [35] with the aug-cc-pVTZ basis set. For comparison the DFT calculations were employed using the GAUSSIAN 03W program. The basis set superposition error (BSSE) was calculated according to the counterpoise (CP) method proposed by Boys and Bernardi [36] .
Results and discussion

Geometry and interaction energy of complex
Structural parameters of F 2 CO and FClCO are given in Table 1 . The calculated structural parameters of F 2 CO and FClCO are in good agreement with experimental values [37, 38] . Firstly geometry optimizations of the complex were performed at the MP2/6-311++G(d,p) level starting from different initial positions of the two monomers, which converged to two minima. Based on the structures, further optimization at higher level and DFT optimization were employed. Two stable conformations calculated with the MP2/aug-cc-pVTZ level are shown in Figure 1 and geometric parameters are listed in Tables 2 and 3 contractions of the C-F and C-Cl bonds are smaller compared with those of the complex I.
Both O5-H6 and O5-H7 bonds are lengthened at the MP2 level, while the O5-H6 bond is lengthened and the O5-H7 bond is contracted at the B3LYP level. Compared with the MP2 calculation, the intermolecular distances optimized at the B3LYP level are longer for both complexes.
There is a small difference in the equilibrium structures of the complexes obtained by the MP2 and B3LYP calculations.
( Fig. 1 and Tables 1-3) Calculated interaction energies including BSSE correction for the complexes are listed in Table 4 . As shown complex II is more stable than complex I irrespective of the calculation levels.
With the aug-cc-pVTZ basis set, DFT calculation underestimates the energies compared with the MP2 calculation presumably due to the lack of contribution of dispersion interactions [39] . The influence of higher correlation effects on the energies was investigated by the single point calculation for the MP2 geometry.
With the 6-311++G(2d,2p) basis set, the energies obtained at the MP2, MP4SDTQ and CCSD(T) levels are comparable. The CBS limit energies at the MP2 level are obtained using the
) [40] with the correlation-consistent basis sets, aug-cc-pVXZ (X = T, Q and 5). Convergence is faster for the complex I. This trend is also supported by the fact that the polarizabilities of F 2 CO, FClCO and Cl 2 CO are calculated to be 14.0, 23.4 and 31.9 au, respectively, at the MP2/aug-cc-pVTZ level.
( Table 4) 
Vibrational frequencies and intensities
To elucidate the influence of the complexation on the vibrational spectra of the monomers forming complexes, the accuracy of the calculations are compared in Table 5 Tables 6 and 7 show unscaled vibrational frequencies and infrared intensities of the complexes I and II calculated using the aug-cc-pVTZ basis set, respectively. In our previous studies it was shown that the complexation leads to the substantial changes in the vibrational characteristics for the vibrations of the monomer bonds not only participating in the complexation but also spectators [19] . As a result of geometry change after complexation, the asymmetric and symmetric O-H stretching and In addition to the intramolecular vibrations, there are six more intermolecular vibrations, the stretching vibration, three torsional vibrations and two in-plane bending vibrations.
( Tables 5-7) 
Charge distribution
To clarify the nature of the complexation, the NBO analysis was carried out. Table 8 gives the natural atomic charges (q) for monomers and the changes in natural atomic charges (∆q) for complexes calculated with the aug-cc-pVTZ basis set. The negativity of oxygen atoms O2 and O5 increases in complexes in comparison with those of the monomer. In complex I, the positivity of the C1 and H6 atoms greatly increase.
The in-contact bonds become more polarized.
On the other hand, in complex II the hydrogen atoms lose charges while the fluorine atoms gain charge. The net charge transfer (CT) was evaluated to be 3.6 (3.8) me for F 2 CO (FClCO) to H 2 O for complex I and 3.9 (3.9) me for H 2 O to F 2 CO (FClCO) for complex II.
( Table 8 ) Tables 9 and 10 list the second-order perturbation energies and the changes in electron density in the orbitals for complexes I and II, respectively. The second-order perturbation analysis of the Fock matrix indicated the important intermolecular interactions
(1) n 1 O2 → σ* O5-H6 and (2) n 2 O2 → σ* O5-H6 for complex I and (1) n 2 O5 → π* C1-O2 for complex II. For complex I, the primary effect is the charge transfer from carbonyl oxygen lone pair, n 2 O2 , of FXCO to the O5-H6 antibonding orbital, σ* O5-H6 of water. An increase in the electron density in σ* O5-H6 orbital leads to weakening of the O5-H6 bond accompanied by its elongation. Concomitant structural reorganization of the electron donor takes place.
The π* C1-O2 orbital gains population due to the increase of the n 3 F3 → π* C1-O2 and n 3 X4 → π* C1-O2 interactions. The σ* C1-F3 and σ* C1-X4 orbitals lose population mainly due to the decrease of n 2 O2 → σ* C1-F3 and n 2 O2 → σ* C1-X4 interactions. The population increases in the σ* C1-O2 , π* C1-O2 , and n 2 O2 orbitals cause the elongation of the C1-O2 bond and the red shifts of the C1-O2 stretching vibrational frequency, while the population decreases in the σ* C1-F3 , σ* C1-X4 , n 3 F3 , and n 3 X4 orbitals lead to contractions of the C1-F3 and C1-X4 bonds and the blue shifts of the C-F and C-X stretching vibrational frequencies. The CT interactions in complex II is similar to the T-shape Cl 2 CO-H 2 O complex. For complex II, the charge transfer from the water lone pair, n 2 O5 , to the C1-O2 antibonding orbital, π* C1-O2 , of HXCO is noticeable. It leads to the C1-O2 bond weakening and elongation. Compared with the complex I, the intramolecular charge rearrangement is smaller for the complex II, which causes smaller structural changes from the monomer after the complexation.
(Tables 9 and 10)
Comparison of potential energy surfaces of carbonyl halides
Since the angular conformer is found to be the most stable complex, we concentrate on this conformation and compare the potential energy surfaces of three carbonyl halides. For Cl 2 CO, the Cl atom possesses another possible point to form the Cl···O complex. (Fig. 4) 
Conclusions
Theoretical studies on the carbonyl halide-water complexes, FXCO-H 2 O (X = F, Cl) have found two potential minima at the MP2 and B3LYP level. Table 3 Geometry parameters of the FClCO-H 2 O complexes computed at the MP2 and B3LYP levels of theory 
c Geometries obtained at the MP2/6-311++G(2d,2p) level. Table 9 Charge transfer interactions in complex I +3.5 +3.5 a The second-order perturbation energies are given in kcal mol -1 . The changes in the orbital population are given in me. 
